In the present paper electronic, magnetic, and structural properties of a novel system FeZnMo3O8 with a polar crystal structure are investigated using GGA+U calculations. It is shown that Fe ions preferably occupy octahedral and Zn ions tetrahedral positions. This structural feature is caused by different ionic radii of these ions and not by the exchange coupling. The calculated exchange constants naturally explain magnetic structure observed in this material.
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Coupling of electricity and magnetism in magnetoelectric and multiferroic materials present significant interest both from the fundamental physical point of view and for practical applications, e.g., in spintronic devices. Therefore a search and study of novel materials with interesting magnetoelectric properties is very active nowadays. A novel interesting class of these systems is given by the materials of the type M 2 Mo 3 O 8 (M=Mn, Fe, Co, Ni, and also Zn). They have polar crystal structure (pyroelectric group), shown in Fig. 1 , with two types of positions for metals M, octahedral (O1 and O2) and tetrahedral (T1 and T2). Magnetoelectric effect in these materials is very interesting: it strongly depends on composition, e.g., it changes sign at substitution of Mn in Mn 2 Mo 3 O 8 by Fe [17] , and can be strongly enhanced by magnetic field [2] . Magnetic structure of different materials of this class is also quite flexible: thus the substitution of Fe in Fe 2 Mo 3 O 8 by Zn leads to the change of magnetic ordering from antiferro-to ferromagnetic [3, 4] . The nature of this behavior is still not clarified. To unravel it, we carried out extensive theoretical study, using ab-initio methods, combining those with the spectroscopic study (preliminary results of these experiments were presented at the APS March meeting in 2019 [5] ).
One of the main problems in mixed materials of this class, e.g. in (Fe 1−x Zn x ) 2 Mo 3 O 8 is the distribution of constituent ions among inequivalent sites, octahedral and tetrahedral ones [3, 6] . Also the magnitude and the sign of exchange interactions in these materials is not clear a priori. As one sees from the crystal structure, shown in Fig. 1 , there are several inequivalent exchange passes even for nearest neighbour interaction: in-plane J ular for half-doping x = 1, in FeZnMo 3 O 8 [3, 4] . Our preliminary spectroscopic data [5] point toward preferential location of Zn in tetrahedral sites; this also agrees with the old estimates [7] . If true, this would make the magnetic subsystem in FeZnMo 3 O 8 relatively simple: only octahedral sites would be occupied by magnetic ions Fe 2+ , so that only one type of exchange, the diagonal interlayer Fe-Fe exchange J c OO remains, and if this would be ferromagnetic, it could explain the observed magnetic behavior. However, from the existing experimental data one cannot yet make definite conclusions in this respect, although they indeed point in this direction.
We used pseudopotential VASP code to calculate electronic, magnetic, and structural properties of FeZnMo 3 O 8 [8] . The Perdew-Burke-Ernzerhof version of exchange correlation potential was utilized [9] . Following radii of atomic spheres were chosen: R F e = 1.302Å, R Mo = 1.455Å, R O = 0.820Å, and R Zn = 1.270Å. We used GGA+U approach to take into account strong electronic correlations [10] . On-site Hubbard U and intra-atomic exchange J H for Fe ions were chosen to be 6.0 and 1.0 eV [11] . 5 × 5 × 3 mesh in the k-space was used in all calculations. The crystal structure was taken from Ref. [2] . Ionic relaxations were performed until total energy difference between two ionic iterations was larger than 10 −5 eV. Integration of the electronic spectrum was performed using Gaussian smearing (with smearing parameter 0.1 eV). Exchange parameters for Heisenberg model were calculated using JaSS code [12] . We start our investigation by studying effect of exchange interaction on distribution of Fe and Zn ions among octahedral and tetrahedral positions. In particular we calculated exchange parameters in 
Thus, one may see from these results that exchange interaction would stabilize configuration with Fe ions occupying equally tetrahedral and octahedral positions, but concentrated in the same plane (to maximize gain in magnetic energy due to J ab OT ). Next we relaxed the crystal structure of FeZnMo 3 O 8 for different Fe and Mo distributions in two possible magnetic orders (FM and AFM). Results are summarized in Tab. 1. First, one may see that the state with all Fe ions occupying octahedral positions has the lowest total energy. Moreover, the energy of any 50:50 configuration (50% Fe is octahedral and 50% Zn is in tetrahedral positions) is equal to about half of the energy difference between configurations, where all Fe ions are in octahedral positions. This means that this is not magnetic energy, but lattice distortions (i.e. elastic energy), which decides which positions are occupied by Fe ions. Quite naturally, the energy scales of magnetic and elastic interactions differ by about three orders of magnitude.
It is interesting that the total energy calculations also reproduce the ground state magnetic structure: experimentally FeZnMo 3 O 8 is indeed ferromagnetic. However, strictly speaking one cannot extract exchange constants from the total energies presented in Tab. 1, since the crystal structure was relaxed independently for each type of magnetic order (and for each type of ionic distribution as well). In order to calculate exchange parameters in FeZnMo 3 O 8 we relaxed both lattice parameters and ionic positions in non-magnetic GGA calculations and used this (equally good for FM and AFM orders) structure to obtain J c OO = −0.2 K. Thus with this distribution of ions (Fe in octahedra, Zn in tetrahedra), with the only remaining exchange interaction J c OO = −0.2 K, we naturally obtain the ferromagnetic ordering in FeZnMo 3 O 8 , observed experimentally [3] .
Preferable occupations of octahedral positions by Fe and not by Zn ions is due to its larger ionic radius (R octa F e 2+ = 0.78Å, R octa Zn 2+ = 0.74Å and R tetra F e 2+ = 0.63Å, R tetra Zn 2+ = 0.60Å [13] ), so that it is natural for larger ions to go in a larger polyhedron. Indeed, if we put smaller Zn to an octahedron it gets more distorted. E.g., the bond angle variance defined as
(here m is the number of bond angles and φ 0 is the bond angle for regular Tab. 1. Energies (per formula unit) of different distributions of Fe and Zn ions among octahedral (O1 and O2) and tetrahedral (T1 and T2) positions, see Fig. 1 • , when Zn sits in octahedra. For completeness in Fig. 3 we also present the density of state plot for FeZnMo 3 O 8 . One may see that both top of the valence and bottom of the conduction bands are formed by Mo 4d states. Mo is 4+ in these compounds, i.e. there are two electrons per each molybdenum. Mo ions form trimers -triangular diamagnetic "molecules" in M 2 Mo 3 O 8 structure. This makes treatment of these states particularly complicated. On one hand, these are d states and they are correlated and therefore U correction should be applied for them. On the other hand they form molecular orbitals, but methods such as GGA+U are essentially one-electron methods (one Slater determinant) and thus cannot correctly describe molecular orbital states, so that one needs to use more sophisticated methods such as e.g. cluster dynamical mean field theory in this situation (C-DMFT) [14, 15] . Nevertheless, we checked that an account of Hubbard correlations on Mo (U = 3 eV, J H = 0.7 eV) on the GGA+U level does not change main results of the present work.
To summarise, we studied theoretically the very interesting system of the novel class M 2 Mo 3 O 8 (M=Mn, Fe, Co, Ni, Zn) with polar crystal structure, which show diverse magnetic properties and very interesting magnetoelectric effects. Specifically we concentrated on the mixed materials of this class (Fe 1−x Zn x ) 2 Mo 3 O 8 , for which most experimental studies are done at present [4, 2, 16, 17] . The most important question here is the distribution of Fe and Zn at different positions (octahedral, tetrahedral) existing in these systems. This is very important for all the properties of corresponding systems. We demonstrated that there is very strong preference of Zn to occupy the tetrahedral sites, so that for 50% substitution, in the title compound FeZnMo 3 O 8 , all tetrahedral sites are occupied by nonmagnetic Zn, and magnetic Fe ions are all in octahedral positions. This, together with the ferromagnetic octahedral-octahedral exchange, which we calculated theoretically, naturally explains ferromagnetic ordering observed in FeZnMo 3 O 8 experimentally. These results will be also very useful for interpreting spectroscopic data on FeZnMo 3 O 8 [5] . Apparently the tendency of relative distribution of different ions in this class of materials, determined, as we demonstrated above, mainly by the size of respective ions, might also work in other systems of this interesting class.
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